ABSTRACT: Crossbred wether lambs were used to assess the effect of altered forage:concentrate ratio and metabolizable energy intake on metabolism of substrates by ruminal epithelium using an isolated cell system. Lambs (n = 28; 20.1 ± 3 kg BW) were assigned randomly to a factorial arrangement of dietary treatments consisting of either 75% forage or 75% concentrate fed once daily at either .099 or . ) and K ox (concentration of substrate at which half V max oxidation rate is achieved, mmoles/L) estimates
Introduction
The ruminal epithelium through absorption and metabolism plays a vital role in the delivery of nutrients to the animal; 90% of the butyrate, 50% of the propio-1 771 for the dietary treatments. Production of β-HBA from butyrate by IREC from the lambs fed 75% forage was not affected by ME intake; however, production was elevated by high ME intake of the 75% concentrate diet (diet × intake interaction; P < .02). Acetoacetate production from butyrate by IREC from lambs fed at high ME intake was greater (P = .001) than from those fed at low ME intake. Lactate and pyruvate production from glucose, glutamate, and propionate were generally unaffected by dietary treatment; however, rate of glutamine metabolism to lactate and pyruvate by IREC was increased with increased ME intake. The observed changes in metabolite production rates across groups did not affect the predicted V max and K ox parameter estimates. The estimated K ox values corroborate that VFA are the primary oxidizable fuels used by ruminal epithelial cells while illustrating that other substrates such as glucose, glutamate, and glutamine would not be expected to be oxidized extensively in vivo due to the high K ox relative to substrate concentrations in vivo.
In conclusion, the capacity of isolated ruminal epithelial cells to oxidize substrates was largely unaffected by ME intake or dietary forage:concentrate ratio of the diet.
nate, and 30% of the acetate produced in the rumen are metabolized by the gut (Bergman, 1990) . Substratelevel interactions affecting the metabolic output of the ruminal epithelium have been demonstrated using a variety of techniques, including tissue incubation (Goosen, 1976; Beck et al., 1984) , cell incubations (Baldwin and Jesse, 1991 , 1996 Jesse et al., 1992) , and in vivo preparations (Krehbiel et al., 1992; Harmon et al. 1988) . Unfortunately, a majority of our understanding of rumen epithelial substrate metabolism is not used in predictions because tissue or papillae pieces are generally incubated with substrates at only a single concentration.
Although few studies have been designed to investigate alternations in metabolism as a result of dietary manipulation, Harmon (1986) found that glucose (5 mM) and glutamine (1 mM) were oxidized to CO 2 at higher rates when papillae were from steers fed concentrate at 26.2 Mcal ME/d than from steers fed forage at 14.2 Mcal ME/d. Harmon et al. (1991) also reported that oxidative metabolism by papillae pieces increased when they were from steers fed at twice maintenance vs at maintenance. However, rumen epithelial morphology can be influenced to a large degree by alternations in luminal environment (Weigand et al., 1975 ). Therefore, studies designed to compare the effects of forage and concentrate diets, as well as the effects of ME intake, on ruminal epithelial metabolism using papillae pieces may be confounded by changes in morphology. Our objectives for this experiment were to determine metabolic characteristics of ruminal epithelium using an isolated ruminal epithelial cell system and to assess the sensitivity of these characteristics to ME intake and dietary forage:concentrate ratio.
Materials and Methods

Materials
Trypsin (1:250) was from GIBCO (Gaithersburg, MD). 
Methods
Lambs and Diets. Detailed descriptions of the animals, diet, and design of this experiment are presented by McLeod and Baldwin (1999) . Briefly, 28 lambs (20.1 ± .3 kg) were assigned randomly to a factorial arrangement of dietary treatments for a 52-d feeding period. Treatments included diets containing either 75% forage and 25% concentrate or 25% forage and 75% concentrate fed once daily at 0730 at either .099 or .181 Mcal metabolizable energy (ME)ؒ (kg BW .75 )
ؒd −1 (approximately 1 and 2 × maintenance energy intake, respectively). All procedures involving the lambs were approved by the Beltsville Agricultural Research Center Institutional Animal Care and Use Committee (protocol #95-015).
Volatile Fatty Acid Analysis and Tissue Collection.
Over a 3-wk period, two lambs from different treatment groups were killed per day using a stun gun followed by exsanguination. The rumen was quickly removed, contents were emptied, and pH was determined. The contents were filtered through four layers of cheesecloth, and a cell free supernatant was prepared by centrifugation (15,000 × g for 15 min) and stored at −20°C until VFA analysis. Volatile fatty acids were determined with GLC (Slyter, 1979) using supernatant after acidification (.25 mL of meta-phosphoric acid to 1 mL sample).
The rumen was separated from connective and adipose tissue, thoroughly rinsed with warm tap water, and weighed. The ruminal epithelium was separated from the muscle layers and a 50-to 100-g sample of epithelium was taken from the ventral cranial region of the rumen and immediately placed into an oxygenated isotonic wash buffer (Krebs-Henseleit bicarbonate buffer, plus 25 mM HEPES, pH 7.4; KH-HEPES) at 37°C for transport to the laboratory. At the laboratory, the ruminal epithelium was maintained in oxygenated KH-HEPES at 37°C and minced with a scalpel prior to cell isolation.
Rumen Epithelial Cell Isolation. The general procedure for the isolation of rumen epithelial cells has been described previously (Baldwin and Jesse, 1991) . Minced epithelium was placed in a 500-mL Erlenmeyer flask containing 200 mL digestion solution (5% trypsin and 1.15 mM CaCl 2 in KH-HEPES) and was digested with mixing in a forced-air orbital shaker (Model 3527 LabLine Instruments, Melrose Park, IL) while maintained at 37°C for 15 min. The resulting digestion solution, containing liberated rumen epithelial cells, was strained through a 1,000-m polypropylene mesh (Spectra/Mesh, Spectrum Laboratory Products, Los Angeles, CA), and the tissue remnants were placed into fresh trypsin solution for further digestion. The filtrate was passed through a 300-m polypropylene mesh (Spectra/Mesh) directly into 60-mL polypropylene centrifuge tubes, and the released cells were collected after centrifugation at 60 × g for 6 min (Centra-MP4R, International Equipment Company, Neeham Hts, MA). The resultant supernatant was discarded, and the pellets containing isolated rumen epithelial cells were suspended in fresh KH-HEPES. Cells isolated from the initial two digests were discarded because they were primarily from the stratum corneum (Baldwin and Jesse, 1991) . All subsequent digests were pooled, and four or five cycles of tryptic digestion were generally sufficient to provide the required cell yield to support the incubations. Cell yield was determined by using on a hemacytometer (Reichert, Buffalo, NY), and cell viability was estimated using the trypan blue dye exclusion technique described by Sigma (1995) . Cell concentration was adjusted to facilitate incubation of approximately 10 × 10 6 viable cells per incubation flask. Initial cell viabilities for these experiments averaged 88.3 ± .6 %.
Incubations and Metabolite Analysis. Substrate concentrations were selected to reflect a broad range of concentrations found in the rumen to facilitate the development of kinetic parameter estimates for substrate use by the cells. Substrate additions included acetate, propionate, butyrate, glucose, glutamate, and glutamine to final concentrations of 0, .1, 1, 5, 10, and 50 mM in triplicate flasks. Controls for endogenous metabolite concentration (0 min with cells without additions) and for volatilization of label (90-min incubation with additions but without cells) were also replicated in triplicate. Incubations were initiated by the addition of .5 mL of cell suspension to 2.5 mL of incubation media (KH-HEPES, pH 7.4, supplemented with .25 mM essen-tially fatty acid free bovine serum albumin [Sigma # A 6003] as well as treatment additions) in 25-mL Erlenmeyer flasks. After addition of cells to the media, flasks were flushed with O 2 :CO 2 (95:5) for 20 s, sealed with a rubber serum cap fitted with a suspended center well (Kontes, Vineland, NJ), and placed into a 37°C reciprocal action shaking water bath (Precision Model 50, Jouan, Cedex, France). Based on preliminary data, which demonstrated linear rates of oxidation and metabolite production through 90 min, incubations were terminated at 90 min by the addition of .2 mL of concentrated perchloric acid.
Center wells were filled with .3 mL benzethonium hydroxide to capture CO 2 during a 1-h postincubation period conducted at room temperature and subsequently placed in scintillation vials (Research Products International, Mount Prospect, IL) containing 4 mL of scintillant (Biosafe II, Research Products International) for counting. Counting efficiencies for 14 C were determined by channels ratio using an external standard and averaged greater than 95%. Counts in control flasks (acidified immediately following addition of cells and gassing) for 14 CO 2 were less than 5% of those in the experimental flasks. The incubation media were neutralized with 5.8 M K 2 CO 3 (.4 mL), and the cleared supernatants were analyzed for acetoacetate , β-hydroxybutyrate (β-HBA) , lactate (Sigma Procedure No. 826-UV), and pyruvate (Sigma Procedure No. 726-UV). All assays were modified for use with a microtiter plate reader (CERES 900HDI, Bio-Tek Intruments, Winooski, VT) and conducted on the day of incubation. In the absence of substrate, minimal amounts of acetoacetate, βHBA, lactate, and pyruvate were produced; however, reported rates have been corrected for endogenous concentrations. Data are expressed as nanomoles of metabolite produced, or substrate oxidized to CO 2 , per 1 × 10 6 cells during the 90-min incubation.
Statistical Analysis. Statistical analysis were conducted using GLM and TNLIN procedures of SAS (1995) . Data were analyzed as a completely randomized design with a 2 × 2 factorial arrangement of treatments (Steel and Torrie, 1980) . Analysis of variance for measured variables was performed using diet, intake, diet × intake, and order of slaughter within day in the model. Significant treatment interactions were separated using Least Significant Differences (SAS, 1995) . Because of morbidity, one lamb in the low intake-concentrate diet treatment group was removed from the study during the feeding period, and two additional lambs (one from the low intake-forage and one from the low intakeconcentrate) were removed due to cell preparation problems. All data are presented as least squares means ± SE, with the SE calculated using the least number of observations for each measured variable. Treatment effects were considered significant at the P < .05 level.
Estimates for V max (maximal rate of substrate oxidation or metabolite production) and K ox (concentration of substrate at which half-maximal oxidation or production rate is achieved) were determined using the TNLIN procedure of SAS (1995) for treatment groups as well as for individual animals. Animals that could not be fit using the model were not included in the generation of the treatment parameter estimates, and, in the case of butyrate, propionate, and glutamine oxidation to CO 2 , the 50 mM concentration was also removed because the fit of the physiologically relevant values was substantially improved. In all cases, more than four animals per treatment were used in the development of parameter estimates. The equation used was
, in which Y = metabolite produced or substrate oxidized to CO 2 (nM/90 min) and conc = flask substrate concentration at the initiation of the experiment.
Estimates of V max and K ox determined for the individual lambs were subsequently used to compare the effect of diet and intake using GLM procedures, as described above. Only the parameter estimates generated for the treatment groups are presented because no significant (P >.05) treatment effects were observed.
Results
Ruminal pH and molar concentrations of acetate, propionate, isovalerate, and total VFA were higher (P < .05) in the lambs fed 75% forage than in lambs fed 75% concentrate, and molar concentrations of n-butyrate, isobutyrate and n-valerate were unaffected (P > .10) by diet (Table 1) . Increased ME intake tended to decrease (P = .08) ruminal pH while increasing ruminal concentrations of acetate, propionate, n-butyrate, n-valerate, and total VFA, and only isobutyrate and isovalerate were unaffected (P > .10) by intake. As a molar percentage of total VFA concentration, greater ME intake resulted in an increase (P = .03) in isovalerate and a tendency for increased propionate (P = .06) with a decrease (P = .05) in isobutyrate and a tendency (P = .10) for decreased acetate, and n-butyrate and n-valerate were unaffected by intake (P > .10). Diet did not affect (P > .10) the molar percent of any of the VFA measured.
Acetate oxidation to CO 2 by isolated rumen epithelial cells (IREC) was unaffected (P > .10) by diet at all substrate concentrations tested (P >.10; Table 2 ). However, when from 5 to 50 mM acetate was included in the media, higher lamb ME intake resulted in increased (P < .05) acetate oxidation to CO 2 by IREC. Propionate oxidation to CO 2 was greater (P < .05), or tended to be greater (P < .08), when propionate was included in the incubation media at 50 and 10 mM, respectively, in IREC from the lambs fed 75% concentrate than from those fed 75% forage, whereas rates of oxidation to CO 2 by IREC at all other propionate concentrations were unaffected by diet. Higher ME intake tended to increase 1 mM (P = .07) and increased 50 mM (P = .05) propionate oxidation to CO 2 by IREC, and, at all other concentrations, oxidation was unaffected by ME intake (P > .10). Oxidation of butyrate to CO 2 by IREC, at all concentrations in the media, was unaffected (P >.10) by diet or c n = 4 except for forage diet at high intake (n = 3); SE calculated using n = 3. d n = 6 for concentrate diet at high intake; n = 5 for forage diet at low intake; n = 4 for concentrate and forage diets at high and low intake, respectively; SE calculated using n = 4. e P > .1. ME intake, except for the oxidation of 5 mM butyrate to CO 2 , which tended to be greater (P = .06) for cells isolated from the high ME intake lambs. Similarly, glucose oxidation to CO 2 by IREC was not affected (P > .10) by either diet or ME intake, except for a tendency (P = .08) for 1 and 10 mM glucose to be oxidized more extensively by cells isolated from high ME intake lambs. Glutamate oxidation to CO 2 by IREC was unaffected by diet (P > .10). Glutamate oxidation to CO 2 by IREC from lambs fed at high ME intake increased (P = .05) when 10 mM, and tended to increase (P = .08) when 5 mM glutamate was present, but at all other concentrations oxidation to CO 2 was not affected by ME intake. Glutamine oxidation to CO 2 was unaffected by diet, but it was increased (P < .05) when glutamine was included at 1 and 5 mM in the incubation media, when IREC were from high ME intake lambs in comparison to low ME intake lambs. The oxidation to CO 2 of all other glutamine concentrations were unaffected by ME intake.
The production of CO 2 by the IREC in vitro was concentration-dependent and saturable for all six substrates tested in this experiment (Table 3, Figures 1 and 2). A reduction of substrate during the 90-min incubations was greater than 10% for only butyrate at .1 mM (16% of initial) and propionate at .1 ( 35% of initial) and 1 mM (17% of initial); these values were included for the development of parameter estimates. Estimates of V max and K ox for each substrate by treatment group are presented in Table 3 and are represented graphically with the data used to fit these equations in Figures  1 and 2 . The R 2 for individual animals was generally greater than .8 (Table 3) , whereas R 2 by treatment groups were generally lower and ranged from .23 to .85 with a mean of .49 ± .04. Parameter estimates, V max and K ox , for all substrates were not affected (P >.10) by either the forage:concentrate ratio fed or the ME intake of the lambs. Thus, overall estimates for each substrate were calculated, and predictions of V max , K ox , and the respective R 2 for each substrate were 55. In general, the V max and K ox estimates were consistent with the observed data. The observed increases in 5 to 50 mM acetate oxidation to CO 2 by IREC from lambs fed at high ME intake did not translate into a significant increase in the V max prediction. This may be due in part to the removal of individual animals that could not be fitted using this model because they did not achieve a maximum by 50 mM acetate. Propionate was particularly difficult to develop parameter estimates for because an apparent maximum is achieved at 5 mM propionate and, at higher concentrations of propionate, oxidation declines. Removal of the 50 mM concentration was required to obtain physiologically realistic estimates. Similarly, estimates for butyrate were obtained only after the 50 mM concentration had been removed from the data set; thus, the predictions for V max underestimate the observed maximum at 50 mM. The V max for glucose oxidation was readily predicted using this approach, and V max predictions for both glutamate and glutamine were underestimates compared to the observed maximum oxidation at 50 mM concentrations.
Production of β-HBA from butyrate was dose-dependent and was at a maximum at 5 mM concentrations of butyrate in the incubation media (Table 4, Figure 3 ). Production of β-HBA from 5 to 50 mM butyrate by the IREC was higher with greater intake of the 75% concentrate diet but was not affected by intake of the 75% forage diet (diet × intake interaction; P < .01). Contrary to this, with 1 mM butyrate, β-HBA production by IREC was decreased by greater intake of the 75% forage diet, but it was not affected by intake of the 75% concentrate diet (diet × intake interaction; P < .02). This pattern of β-HBA production compared favorably to the estimates of V max and K ox (Figure 3 ) generated for the treatment groups, which had R 2 ranging from .45 to .62. The fit for individual animals ranged in R 2 from .62 to .98, with an average R 2 of .84 ± .02. Production of acteoacetate (AcAc) did not exhibit a dose dependence on butyrate concentration; thus, estimates for V max and K ox were not attainable. However, AcAc production was greater (P = .001) by IREC from lambs fed at high ME intake. The β-HBA:AcAc was lower (P = .02) in IREC from lambs fed the 75% concentrate diet than in IREC from lambs fed the 75% forage diet at the .1 mM butyrate concentration. At all other butyrate concentrations, d n = 7 for diets at high intake; n = 6 for forage diet at low intake; n = 5 for concentrate diet at low intake; SE calculated using n = 5. which had considerably higher ratios, β-HBA:AcAc were unaffected by diet. Consistent with the production data, IREC from lambs fed the 75% forage diet at low ME intake had a greater β-HBA:AcAc, and IREC from lambs fed the 75% concentrate diet at both ME intakes had similar β-HBA:AcAc (diet × intake interaction; P < .04).
Lactate production from glucose was unaffected by either the level of ME intake of the lambs or the diet composition; however, it was dose-dependent, and estimates of V max and K ox were established for the treatment groups (Table 5) , with the whole data set yielding estimates of 25.57 and .115 for V max and K ox , respectively. Lactate production from glutamate was greater at lower concentrations of glutamate (.1 through 5 mM) than at higher concentrations. The IREC from all dietary treatment groups responded similarly with a tendency (P = .09) for an increase at the 10 mM and an increase (P = .03) for the 50 mM glutamate concentrations by the IREC from the lambs fed at high ME intake. The production of lactate from glutamine was not dependent on concentration of glutamine; however, higher ME intake by the lambs resulted in increased (P = .006) lactate production, primarily due to the low rate of lactate production by the lambs fed the 75% concentrate diet at low ME intake (diet × intake interaction; P = .06). Metabolism of propionate to lactate by IREC either tended to be greater (P = .06; for .1 and 10 mM propionate in the media) or was greater (P = .03; for 1 and 5 mM propionate in the media) when lambs were fed the 75% forage at the low ME intake vs 75% forage at the high ME intake, and IREC from lambs fed the 75% concentrate diet were not affected by intake (diet × intake interaction; P < .04). In general, lactate formation from propionate increased rapidly with dose, attaining a maximum at 1 mM propionate and declining thereafter. Glucose metabolism to pyruvate by IREC was unaffected by either the diet or ME intake. Isolated rumen epithelial cell production of pyruvate from glucose achieved an apparent maximum at very low glucose concentrations and resulted in a K ox estimate for the whole data set of .02 mM glucose and a V max of 5.4 (nmol producedؒ(1 × 10 6 cells)
). Pyruvate production by IREC from .1 to 5 mM glutamate was greater (P < .05) or tended to be greater (10 mM glutamate; P = .09) for lambs fed at high ME intake, due primarily to an increase in pyruvate production by IREC from lambs fed the 75% forage diet at high ME intake (diet × intake interaction; P < .1; Table 6 ). High ME intake by lambs resulted in greater (P < .02) pyruvate production from glutamine by IREC at all glutamine concentrations in comparison to low ME intake. The apparent V max for glutamine metabolism to pyruvate was achieved at 5 mM glutamine, and, for the total data set, estimates of 7.6 and .02 were obtained for V max and K ox , respectively. Although there was no effect of ME intake on propionate metabolism to pyruvate, IREC from the lambs fed the 75% concentrate diet produced more pyruvate from 1 and 5 mM propionate than IREC from the lambs fed the 75% forage diet.
Ratios of lactate:pyruvate in IREC tended to be greater (P < .09) for 5 and 50 mM glucose, and were greater (P = .05) for 10 mM glucose, when lambs were fed the 75% concentrate vs the 75% forage diet, but the ratio tended to be lowered (P < .06) with high ME intake when glucose was included at 1 and 10 mM ( Table 7) . The lactate:pyruvate in IREC was similar across all treatments for glutamate inclusion in the media, except for 5 mM glutamate when lambs fed the 75% concentrate diet had a higher (P = .04) ratio and for 1 mM glutamate when IREC from lambs fed the higher ME Table 3 . Predictions were based on five substrate concentrations for acetate and four substrate concentrations for propionate and butyrate. Table 3 . Predictions were based on five substrate concentrations for glucose and glutamine and four substrate concentrations for glutamate. intake had a lower (P = .03) ratio. In general, lactate:pyruvate in the IREC declined with increasing glutamate concentrations in the incubation media. Consistent with the lactate and pyruvate production data, lactate:pyruvate in IREC incubated with glutamine Table 4 . Predictions were based on four substrate concentrations.
was decreased (P < .05) for 1 and 10 mM glutamine and tended to decrease (P < .1) for .1 and 5 mM glutamine when the IREC were from lambs fed at high ME intake in comparison to low ME intake. The ratio of lactate:pyruvate was unaffected by dietary treatment in IREC incubated with propionate.
Discussion
Research with ruminal epithelium in vitro has generally focused on the oxidative metabolism of volatile fatty acids and their metabolites and, to a lesser extent, the oxidative metabolism of glucose and glutamine (Weekes and Webster, 1975; Goosen, 1976; Beck et al., 1984; Harmon, 1986; Jesse, 1991, 1996; Harmon et al., 1991) . These studies have generally used concentrations of substrates that were in the expected physiological range or concentrations that would presumably stimulate maximal rates of oxidation. The first objective of this study was to determine estimates for V max (maximal rate of substrate oxidation or metabolite production) and K ox (concentration of substrate at which halfmaximal oxidation or production rate is achieved) for the primary oxidizable substrates used by the ruminal epithelium. Because the oxidation of the substrates tested in this experiment requires more than a single enzyme, the kinetic parameter estimates reflect the ca-pacity (V max ) and affinity (K ox ) for the whole cell system to oxidize the given substrate. However, because the CO 2 , and in some cases metabolite productions, resulted in asymptotic curves, they could be treated as following Michaelis-Menton kinetics. A second objective of the experiment was to determine whether alteration of the ruminal environment and energy status of the animal, through manipulation of the forage:concentrate ratio and level of ME intake, would result in an adaptation of the ruminal epithelium that would change the predicted V max and K ox for specific substrates.
Development of parameter estimates for the substrates was conducted using only the data that could be individually fit with the equation described in the Materials and Methods section. This was to eliminate instances when individual incubations did not achieve an apparent V max or did not exhibit the characteristic dependence on substrate concentration and, thus, could not be included to test for differences among the dietary treatments using the means for V max and K ox estimates generated from the individual animals. However, estimates for all animals were included in the data presented in Table 2 . , respectively. e Probability of larger F statistic. f n = 7 except for concentrate diet at low intake (n = 5); SE calculated using n = 5.
g
No substrate concentration effect (P > .1); thus, only the pooled mean is presented.
Acetate is not extensively metabolized by the ruminal epithelium in vivo (Bergman, 1990; van Houtert, 1993) and did not increase oxygen uptake by papillae pieces when incubated in vitro (Goosen, 1976) . However, rumen epithelial tissue has been shown to metabolize acetate to CO 2 (Harmon et al., 1991) and, to a lesser extent, to ketone bodies (Baldwin and Jesse, 1991; Harmon et al., 1991) . The ruminal epithelium exhibits relatively low activity of the acetyl-CoA synthase enzyme (Ash and Baird, 1973; Harmon et al., 1991) , which has been implicated as the regulatory step that limits acetate oxidation in the ruminal epithelium (Ash and Baird, 1973) . However, Harmon et al. (1991) , using papillae pieces from calves incubated in vitro, demonstrated that rates of oxidation of acetate (90 mM) to CO 2 were comparable to those observed for butyrate (30 mM) oxidation to CO 2 . This is consistent with the findings of this study in which maximal rates of acetate (up to 50 mM) oxidation were higher than those observed for butyrate (up to 50 mM) oxidation to CO 2 . Moreover, Harmon et al. (1991) , using papillae pieces from calves fed either 90% alfalfa or 50% grain (1:1; sorghum:wheat) at both 1 and 2 × maintenance, was Probability of a larger F statistic. f n = 7 except for concentrate diet at low intake (n = 5); SE calculated using n = 5.
Below the limits of detection or not different from 0.
able to demonstrate decreased acetate (90 mM) oxidation to CO 2 by the forage-fed animals, but energy intake had no effect. At the highest concentrations tested in this experiment, from 5 to 50 mM, acetate oxidation was greater for the animals fed at high ME intake with no changes due to dietary composition. Differences between the experimental procedures, specifically animal differences (bovine vs ovine) and whole papillae vs isolated cells, may explain these apparently opposite findings. The impact of morphological differences between the forage-and concentrate-fed lambs in this study should have been minimized because the cells of the stratum corneal layers were discarded (Galfi et al., 1981; Baldwin and Jesse, 1991) ; thus, only the metabolically active cells of the epithelium were being investigated (Baldwin and Jesse, 1991) . Although ketone bodies produced from acetate were not measured in the current experiment, it has been consistently demonstrated with transport studies (Hird et al., 1966) , papillae incubations (Pennington, 1952; Pennington and Pfander, 1956; Harmon et al., 1991) , and isolated cell incubations (Baldwin and Jesse, 1991 ) that the relative rates of ketone production from acetate are 10 to 20% of those observed for butyrate. The primary end products of propionate metabolism by the ruminal epithelium are CO 2 , lactate, pyruvate, and, to a lesser extent, alanine and other amino acids, with as much as 50% of the absorbed propionate being metabolized prior to release (Bergman, 1990) . Studies in vitro have demonstrated increased oxygen consumption by epithelial tissue when 20 mM propionate was included in the incubation media (Goosen, 1976; Giesecke et al., 1979) , and rates of 60 mM propionate oxidation to CO 2 bovine papillae (calves) were substantially greater than rates of 90 mM acetate and 30 mM butyrate oxidation to CO 2 . In the current experiment, rates of propionate oxidation to CO 2 were comparable to those of acetate and higher than that observed for butyrate. Consistent with the findings of Harmon et al. (1991) , forage-fed wethers tended to exhibit lower capacities to oxidize propionate to CO 2 from the 10 to 50 mM concentration range. Rates of propionate oxidation tended to decline at these high concentrations except in the high ME intake lambs fed concentrate, and this may reflect an increased tolerance for the high propionate dose. Weekes and Webster (1975) demonstrated that as much as 15% of the propionate absorbed from the ovine ruminal epithelium was metabolized to lactate. This is threefold greater than that observed for ruminal epithelium from steers (Weigand et al., 1972) . Although apparently limited, the metabolism of propionate to lactate may serve an important role in the generation of reducing equivalents (Weekes and Webster, 1975) and has been shown to affect the complete conversion of butyrate to β-hydroxybutyrate (Baldwin and Jesse, 1996) . The lactate:pyruvate ratios reported here are lower than those observed by Harmon et al. (1991) , due primarily to higher pyruvate relative to lactate production (assuming 1.3 mg cell dry weight 10 6 cells and 20% dry matter for the papillae). d n = 7 except for concentrate diet at low intake (n = 5); SE calculated using n = 5. e P > .1.
Butyrate is extensively metabolized to either CO 2 or to ketone bodies prior to being released into circulation, with only 10 to 25% of the absorbed butyrate reaching the circulation (Stangassinger and Giesecke, 1986; Bergman, 1990; Krehbiel et al., 1992) . The percentage of butyrate metabolized, both in vivo and in vitro, to either ketones or to CO 2 has been shown to be related to ruminal pH (Stevens and Stettler, 1966; Weigand et al., 1972) as well as to butyrate concentrations (Stevens and Stettler, 1966; Beck et al., 1984; Krehbiel et al., 1992 ). In the current study, butyrate oxidation to both CO 2 and β-HBA increased asymptotically with increasing substrate, but AcAc production was constant. This resulted in a relatively static mean of 13.5% butyrate being oxidized to CO 2 across concentrations. In contrast, Beck et al. (1984) reported an inverse relationship between ketogenesis and CO 2 production with increasing butyrate concentrations from 5 to 50 mM, such that butyrate oxidized to CO 2 declined (65% to 35% of butyrate metabolism) while ketogenesis increased. However, Stevens and Stettler (1966) saw no increase in ketogenesis with increasing butyrate absorption in vitro. Moreover, when ruminal concentrations of butyrate were increased from 7.5 to 28 mM in steers (Kreh-biel et al., 1992) , only 25% of the additional butyrate appeared in the portal circulation, and ketone production increased due to increases in net AcAc production. Thus, it appears that whereas oxidation of butyrate by the ruminal epithelium to both ketones and CO 2 is saturable at high concentrations of butyrate, both oxidation to CO 2 and ketogenesis increase until that capacity is achieved.
The β-HBA:AcAc is influenced by oxidizable substrates such as glucose (Goosen, 1976; Beck et al., 1984) , propionate (Baldwin and Jesse, 1996) , and others (Goosen, 1976) . In this study, when butyrate was the sole oxidizable substrate provided, β-HBA:AcAc ratios were consistent with previous experiments in vitro with isolated rumen epithelial cells (Baldwin and Jesse, 1996) . However, β-HBA:AcAc were greater than in reports using tissue pieces from calves, cattle, or sheep (Goosen, 1976; Emmanuel, 1980; Harmon et al., 1991) and were lower than ratios observed by Beck et al. (1984) for sheep and cattle tissue pieces. Similar to this study, Harmon et al. (1991) reported an increase in β-HBA production from butyrate by ruminal papillae from calves fed at 2 × maintenance compared to those fed at maintenance. However, AcAc production by those tissue pieces were far greater than the β-HBA production, resulting in β-HBA:AcAc ratios ranging from .13 to .29. This is well below the ratios observed in vivo (Weigand et al., 1972; Krehbiel et al., 1992) . The mean β-HBA:AcAc ratios in the current experiment are consistent with the mean ratio of net portal-drained visceral productions for β-HBA:AcAc reported by Krehbiel et al. (1992) . However, in contrast to Krehbiel et al. (1992) , in which β-HBA:AcAc declined from 3.3 to 1.8 with increasing butyrate, β-HBA:AcAc in this study increased to 3.5 with increasing butyrate and achieved a plateau consistent with that of the production of β-HBA.
Glucose may serve as the primary fuel for the rumen epithelial tissue during development (Geisecke et al., 1979; Baldwin and Jesse, 1992) . However, the rate of oxidation of glucose to CO 2 by isolated rumen epithelial cells from lambs and the oxygen uptake stimulated by glucose in calves decline (Geisecke et al., 1979) as the tissue and the animal mature. Regardless, due to the stimulatory effects of glucose in vitro on ketogenesis (Beck et al., 1984) , an understanding of the metabolic characteristics of glucose is desirable. Rates of glucose oxidation to CO 2 , metabolism to lactate and pyruvate, and lactate:pyruvate were unchanged by diet in the current experiment. Harmon (1986) reported that papillae from animals fed 90% concentrate at 26.2 Mcal ME/d exhibited higher rates of glucose (5 mM) uptake, oxidation to CO 2 , and lactate production than papillae from steers fed 90% forage (alfalfa) at 14.2 Mcal ME/d. In contrast, in an experiment with papillae from calves fed either 90% alfalfa or 50% grain diets at 1 or 2 × maintenance, Harmon et al. (1991) reported that lactate production from 20 mM glucose was decreased with ME intake and glucose uptake and oxidation was unaffected by treatment. Harmon et al. (1991) postulated that the differences observed between the two studies could have been due to the concentration of glucose used in the incubations (5 vs 20 mM glucose). However, in light of the current study, in which the proportion of glucose oxidized to CO 2 relative to glucose metabolites measured (sum of glucose metabolism to lactate, pyruvate, and CO 2 ) increased from 28 to 36% as glucose increased from 5 to 50 mM, a significant metabolic shift due to the increase in glucose concentration is not apparent. Glutamine and glutamate were metabolized in the current experiment at comparable rates and at rates greater than those observed for glucose. This is in contrast to the report by Harmon (1986) , which demonstrated that glucose (5 mM) was oxidized at much higher rates than glutamine (1 mM) by papillae from calves. However, considering the current data, the concentration of glucose used by Harmon (1986) was near the apparent maximum for oxidation whereas the concentration of glutamine used was well below the apparent maximum for oxidation.
The ruminal epithelium has the capacity to oxidize numerous substrates, and maximal rates of glutamate, glutamine, propionate, and acetate oxidation were generally higher than those observed for glucose and butyrate. However, the pattern of oxidation, or preference of the cells for individual substrates, as determined by K ox , is supportive of the concept that the primary oxidizable substrates used by the ruminal epithelium are the VFA. The estimated K ox for butyrate, propionate, and acetate were well below the concentrations observed in the ruminal fluid for this study such that all three of the substrates would be expected to be metabolized at maximal rates. In contrast, the concentration of glucose, glutamate, and glutamine required to achieve half-maximal rates of oxidation were much higher than these substrates would be expected to achieve in vivo and, thus, would not be expected to be oxidized extensively in vivo. Neither the predicted V max nor the predicted K ox were affected by the dietary treatments imposed on the lambs prior to slaughter. This indicates that the specific metabolic capacity of the ruminal epithelium on an individual cell basis is largely unaffected by the ruminal environment and the energetic status of the animal. However, when interpreting these data some caution needs to be taken, because the substrate concentrations tested here were selected to generate estimates for V max and K ox for the cell under the conditions of the flask and do not take into account the complete in vivo situation. Factors that need to be considered include the way that the substrates will be presented to the cell (luminal vs serosal), concentration differential from lumen to serosa, hormonal influences, and substrate-substrate interactions. However, the data presented here provide a basis for the selection of substrate concentrations for the further development of our understanding of the metabolism, and its regulation, of the ruminal epithelial cell.
Implications
The K ox values determined for butyrate, propionate, and acetate oxidation by isolated rumen epithelial cells demonstrate that these substrates are used preferentially due to the high affinity for these substrates (butyrate > propionate > acetate). In contrast, oxidizable substrates such as glucose, glutamate, and glutamine would not be expected to be oxidized extensively by ruminal epithelium due to the high K ox values relative to substrate concentrations in vivo. Furthermore, the affinity for and the capacity of isolated rumen epithelial cells to oxidize substrates were largely unaffected by metabolizable energy intake or dietary forage:concentrate ratio of the diet. Thus, alterations in the ruminal environment do not seem to affect the cellular capacity of the ruminal epithelium to oxidize substrates.
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